Dengue is the most prevalent arthropod-borne viral disease worldwide and is caused by the four dengue virus serotypes (DENV-1-4). Sequential heterologous DENV infections can be associated with severe disease manifestations. Here, we present an immunocompetent mouse model of secondary DENV infection using non mouseadapted DENV strains to investigate the pathogenesis of severe dengue disease. C57BL/6 mice infected sequentially with DENV-1 (strain Puerto Rico/94) and DENV-2 (strain Tonga/74) developed low platelet counts, internal hemorrhages, and increase of liver enzymes. Cross-reactive CD8 + T lymphocytes were found to be necessary and sufficient for signs of severe disease by adoptively transferring of DENV-1-immune CD8 + T lymphocytes before DENV-2 challenge. Disease signs were associated with production of tumor necrosis factor (TNF)-α and elevated cytotoxicity displayed by heterotypic anti-DENV-1 CD8 + T lymphocytes. These findings highlight the critical role of heterotypic anti-DENV CD8 + T lymphocytes in manifestations of severe dengue disease.
Introduction
The four serotypes of dengue virus (DENV) cause the most prevalent arthropod-borne viral disease in humans (Guzman and Harris, 2015) . An estimated 390 million people are infected by one of the DENV serotypes every year; up to 96 million have apparent DENV infections, with different levels of disease severity (Bhatt et al., 2013) . Symptoms in humans range from mild febrile illness with myalgia and rash to severe disease characterized by thrombocytopenia, capillary leakage, bleeding, and increase of liver enzymes (dengue hemorrhagic fever [DHF] ) (Gibbons and Vaughn, 2002) . The latter may progress to hypovolemic shock (dengue shock syndrome [DSS] ) (Martina et al., 2009) . Severe dengue disease affects over 2 million people each year and is estimated to cause 21,000 deaths annually (Gubler, 2012) . Severe manifestations occur late in illness during viral clearance and are more common in secondary heterologous DENV infections (Yacoub et al., 2013) . Infants born to DENV-immune mothers are at greater risk of severe disease during primary infection (Halstead et al., 2002) . The global incidence of severe dengue disease is increasing (Guzman et al., 2010) .
Several hypotheses have been advanced to explain the pathogenesis of DHF/DSS (Martina et al., 2009) . The most widely accepted theory ascribes DHF/DSS to an antibody-dependent enhancement (ADE) of heterologous viral replication in cells of the reticuloendothelial system (Halstead, 2003) . A second hypothesis attributes DHF/DSS to a heterotypic T lymphocyte response during secondary DENV infection that is predominantly directed against the first infecting DENV serotype (DENV serotypes exhibit approximately 70% sequence homology) (Pierson and Diamond, 2013; Rothman, 2011) . This secondary T cell response is thought to be suboptimal, differing from primary responses in cytokine production and cytotoxic ability (Rothman, 2010 (Rothman, , 2011 . These theories are based on observations derived from human studies (Halstead, 1988; Mongkolsapaya et al., 2003) , and the mechanism of illness remains unclear.
While various human studies have suggested a role for T cells in pathogenesis of DENV infections (Bashyam et al., 2006; Mongkolsapaya et al., 2006; Zivna et al., 2002) , several recent reports -mainly in immunocompromised mouse models-have described a protective role of T lymphocytes against DENV disease (Prestwood et al., 2012; Yauch et al., 2010; Yauch et al., 2009; Zellweger et al., 2015; . Therefore, T cell responses seem to play a dual role in DENV infections, in both protection against and pathogenesis of DENV disease.
While imbalances in response to individual serotypes could lead to DHF/DSS in seropositive populations (Halstead, 1982; Sangkawibha et al., 1984) , the component/s of the immune response that cause severe dengue disease are still not well understood. A better understanding of DENV pathogenesis would be important for vaccine development in a disease without specific treatment.
The development of animal models for severe dengue disease has been challenging (Plummer and Shresta, 2014; . In this study, we describe an immunocompetent mouse model of secondary DENV infection using non mouse-adapted DENV strains. C57BL/6 mice infected sequentially with DENV-1 (strain Puerto Rico/94) and DENV-2 (strain Tonga/74) developed low platelet counts, internal hemorrhages, and increase of liver enzymes. We subsequently used this model to characterize the mechanisms involved in the pathogenesis of severe dengue disease.
Materials and Methods

Ethics Statement
The animal protocols used in this study were reviewed and approved by the University of Vanderbilt Institutional Animal Care and Use Committee (IACUC) (protocol# M/09/139), Instituto de Ciencia y Tecnología Dr. César Milstein IACUC (protocol#02-2016), Facultad de Ciencias Exactas y Naturales-UBA IACUC (protocol#82) and INFANT Committee. Experiments were performed according to the guidelines of the above-mentioned IACUCs.
Cell Lines and Virus Preparation
Vero (African green monkey kidney) cells (ATCC Cat# CCL-81, RRID: CVCL_0059) were grown in MEM (GIBCO) supplemented with 5% fetal bovine serum (FBS). The C6/36 mosquito cell line from Aedes albopictus, adapted to grow at 33°C, was cultured in L-15 Medium (Leibovitz) (GIBCO) supplemented with 0.3% tryptose phosphate broth, 0.02% glutamine, 1% MEM non-essential amino acids solution and 5% FBS. DENV-1 strain Puerto Rico/94 (PR/94) (Blaney et al., 2007) and DENV-2 strain Tonga/74 (Blaney et al., 2004; Gubler et al., 1978) were kindly supplied by Dr. Steve Whitehead (Laboratory of Infectious Diseases, NIAD, NIH, DHHS). DENV-2 strain NGC was generously provided by Dr. Elsa Damonte (Facultad de Ciencias Exactas y Naturales, Universidad de Buenos Aires, Buenos Aires, Argentina), DENV-2 strain 16681 was kindly provided by Dr. Andrea Gamarnik (Fundación Instituto Leloir, Buenos Aires, Argentina) and DENV-2 strain D2S10 was generously supplied by Dr. Eva Harris (University of California, Berkeley, USA). DENV strains were grown in C6/36 cells for 4-6 days. Virus stocks were titrated by plaque formation in Vero cells.
Respiratory syncytial virus (RSV) strain L19 was grown in Vero cells for 3-4 days and virus stock was titrated by plaque formation in Vero cells.
Mouse Strains and Viral Infection
Five to six week old C57BL/6 J (RRID:IMSR_JAX:000664), B6.129S2- PFU of DENV-1, DENV-2, or C6/36 cell supernatant (placebo). After 60 days mice were challenged i.p. with 1 × 10 6 PFU of DENV-2.
Measurement of Hematological and Biochemical Parameters
Blood samples were obtained from the facial vein of mice, collected in tubes containing K 2 -EDTA (Wiener lab), and after centrifugation at 2000 ×g for 10 min at room temperature, plasma samples were separated. Levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), creatine kinase (CK), and lactate dehydrogenase (LDH) were measured by UV-or -kinetics method at different days post-secondary infection with DENV-2 (0, 4, and 7 days) using an Architect 8100 chemistry analyzer (Abbott Laboratories). Platelet counts were measured by microscopy on a CELLDYN 3700 (Abbott Laboratories) according to the manufacturer's instructions.
Increase of liver enzymes was defined as ALT and/or AST plasma values significantly above the ones obtained for control mice. Platelet counts significantly lower than the value obtained for control mice were also considered a primary outcome of disease. Plasma values of CK, LDH and ALP significantly higher than the ones obtained for control mice were considered secondary outcomes of disease. All normal laboratory values for C57BL/6 mice were obtained from the Comparative Pathology Laboratory, Vanderbilt University Medical Center, and the Mouse Phenome Database at The Jackson Laboratory.
Histology
Mice were euthanized by cervical dislocation 7 days post-secondary DENV-2 infection and tissues (liver, kidney, and spleen) were harvested and immediately fixed in 10% formalin in PBS. Fixed tissues were embedded in paraffin, sectioned, and stained with hematoxylin and eosin (H&E).
Measurement of Bleeding Time
Measurement of bleeding time in mice was performed as previously described (Weiss et al., 2002) . Seven days post-secondary DENV-2 infection, mice were anesthetized with an intraperitoneal injection of a mixture of ketamine and xylazine (100 mg/kg and 10 mg/kg of body weight, respectively), and 5 mm of the distal tip of the tail was amputated. The tail was blotted with filter paper every 5 s, and the bleeding time was recorded as the time at which the tail no longer stained the paper. Bleeding time ranges vary considerably in the literature. Therefore, we defined prolonged bleeding time in the study group as values significantly exceeding the values obtained in control mice.
Vascular Permeability Assay
Vascular leakage was assessed using Evans blue dye as a marker for albumin extravasation as previously described (Shresta et al., 2006) , with some modifications. Briefly, 7 days post-secondary DENV-2 infection C57BL/6 mice were anesthetized with an intraperitoneal injection of a mixture of ketamine and xylazine and 0.2 ml of Evans blue (0.5% [w/ v] in PBS) (Sigma Aldrich) was injected intravenously into the anesthetized mice. Two hours after injection, the animals were euthanized and extensively perfused with sterile PBS (4 ml), the spleen, kidney and liver were then harvested and placed into pre-weighed tubes containing formamide (Sigma-Aldrich, 2 ml/g tissue). Samples were incubated at 55°C for 2.5 h. Evans blue concentrations in formamide extracts were subsequently quantitated by measuring absorbance at 610 nm. A calibration curve with 2-fold serial dilutions of Evans blue standards in formamide was performed in parallel. Data were expressed as ng Evans blue per g of tissue.
Quantitation of Virus in Blood and Tissues by Real Time RT-PCR
Blood was extracted at different times (0, 6, 18, 24, 48, 72, 96 and 168 h) after DENV infection and collected in tubes containing K 2 -EDTA (Wiener lab.). RNA was extracted from plasma samples using QIAamp Viral RNA Minikit (QIAGEN) according to the manufacturer's instructions.
After blood extraction at the corresponding post-infection times, mice were euthanized by cervical dislocation. The lymph nodes (mesenteric, periportal and celiac) as well as a portion of the tissues (spleen, liver, kidney) were immediately snap-frozen in tubes containing a mixture of dry ice/ethanol and later stored at − 80°C. Total RNA was extracted from tissues using TRIzol (Invitrogen) according to the manufacturer's instructions.
The amount of viral RNA in blood and tissues was quantified by using StepOnePlus Real-Time PCR System (Applied Biosystems) employing TaqMan technology. The primers and probe used are targeted to amplify nucleotides 10,589 to 10,699 within the viral 3′ UTR (Callahan et al., 2001 ). Beta-actin was used as endogenous control. Standard curves were generated using 10-fold serial dilutions of viral RNA obtained from purified DENV-1 or DENV-2 suspensions.
Characterization of Antibody Response
Antibodies against DENV were measured in serum on days 0, 30, 45 and 60 after primary DENV infection and on days 0 (60 days post-initial inoculation), 10, 18 and 25 after the DENV-2 challenge. Initially, sera were tested for IgG antibodies to DENV-1 and DENV-2 E proteins using E protein-specific immunoassays, and for neutralizing antibodies to DENV-1 and DENV-2 by 50% plaque reduction neutralization titer (PRNT 50 ) assay.
DENV E Protein-specific IgG Immunoassays
The purification of DENV envelope (E) protein ectodomains was performed as previously described (Talarico et al., 2013) . Protein-specific immunoassays were conducted similarly to those described in previous publications (Delgado et al., 2009; Polack et al., 2003) . Briefly, ninety-six well plates were coated with 400 ng/ml of DENV-1 or DENV-2 E proteins and incubated at 37°C for 2 h followed by an overnight incubation at 4°C. After washing with PBS containing 0.05% Tween-20, wells were blocked with 5% skim milk in PBS for 1 h at 37°C. Subsequently, 2-fold serial dilutions of serum samples were added to wells and incubated for 1 h at 37°C. After washing, the secondary antibody (goat anti-mouse HRP-conjugated IgG, KPL) was added. After 1 h incubation at 37°C, TMB substrate (BD) was added to wells. The reaction was stopped with the addition of H 2 SO 4 1 M and optical density (O.D.) was measured at 450 nm.
Neutralization Assay
To determine anti-DENV neutralizing antibodies in sera from DENV-1 and DENV-2 immunized mice, a plaque reduction neutralization assay against DENV serotypes was performed as previously described, with some modifications (Talarico et al., 2013) . Briefly, mice sera were heat-inactivated at 56°C for 30 min and four-fold serial dilutions of the serum samples (1/20 to 1/5120 in MEM) were mixed with an equal volume containing 100 PFU of DENV-2 in MEM containing 2% FBS. The mixtures were incubated at 37°C for 1 h and then transferred to Vero cells plated in 24-well plates. After 1 h incubation at 37°C, cells were overlaid with MEM 2% FBS containing 1% methylcellulose (Sigma) and further incubated at 37°C for 7 days. Cells were fixed with formaldehyde 10%, stained with crystal violet 10% and viral plaques were counted. Neutralization titers were determined as the reciprocal of the highest serum dilution yielding a 50% reduction in viral plaques (PRNT 50 ).
B Cell Depletion in Mice
C57BL/6 mice were infected with 5 × 10 5 PFU of DENV-1 or DENV-2 via f.p. injection. On day four the ipsilateral popliteal lymph nodes in the hind legs corresponding to the inoculation site were removed. Control mice were infected with DENV-1 via f.p. injection and underwent mock surgery or were inoculated with C6/36 cell supernatant (placebo) f.p. Briefly, C57BL/6 mice were anesthetized using an intraperitoneal injection of a mixture of ketamine and xylazine. After depilation and skin antisepsis, the ipsilateral popliteal lymph nodes were removed. After surgery enrofloxacin (30 mg/kg) was administered every 24 h for 3 days as prophylaxis and tramadol (30 mg/kg i.p.) was administered every 24 h for 4 days as an analgesic. Post-surgical wound healing and behavior was monitored. Sixty days after primary infection all mice were challenged i.p. with 1 × 10 6 PFU of DENV-2. The efficacy of B cell depletion was tested by DENV-specific IgG immunoassay.
T Cell Depletion in Mice
C57BL/6 mice were infected i.p. with 5 × 10 5 PFU of DENV-1 and were administered anti-CD8 mAb (Clone 2.43 (anti-Lyt2.2), BioXCell Cat# BE0061 RRID:AB_1125541) and/or anti-CD4 mAb (Clone Gk1.5 (anti-L3T4), BioXCell Cat# BE0003-1 RRID:AB_1107636) i.p. three days before DENV-2 challenge (daily doses of 100 μg of mAb on days 57, 58, and 59 post-primary infection). C57BL/6 control mice were inoculated i.p. with an isotype control mAb, using the same inoculation scheme. CD8 + and CD4 + T cell depletion was confirmed by flow cytometry using anti-CD8 FITC and anti-CD4 FITC antibodies (BD Biosciences). Sixty days after primary infection with DENV-1, all mice were challenged i.p. with 1 × 10 6 PFU of DENV-2.
2.14. Adoptive Transfer of CD4 + or CD8 + T Cells From DENV Infected
C57BL/6 Mice and Subsequent DENV Infection
For the T cell adoptive transfer experiments, C57BL/6 mice were infected i.p. with DENV-1 or DENV-2. On day sixty post-infection, spleens were removed following euthanasia, splenocytes were separated using a Ficoll gradient (GE Healthcare) and then CD4 + or CD8 + T lymphocytes were isolated using magnetic microbeads (Miltenyi Biotec). The purity of cells was assessed by flow cytometry. CD4 + or CD8 + T cells were transferred to naïve C57BL/6 mice via tail vein injection (10 7 cells/ mouse), and 24 h later all mice were challenged i.p. with 1 × 10 6 PFU of DENV-2. Control C57BL/6 mice were transferred i.v. with sterile saline solution (placebo) and challenged i.p. with DENV-2.
2.15. Adoptive Transfer of CD8 + T Cells From DENV Infected C57BL/6 or TNF-α−/− Mice and Subsequent DENV Infection C57BL/6 and TNF-α−/− mice were infected i.p. with DENV-1. Sixty days later, spleens were removed following euthanasia, splenocytes were separated using a Ficoll gradient (GE Healthcare) and CD8 + T lymphocytes were isolated using magnetic microbeads (Miltenyi Biotec). CD8 + T cells from C57BL/6 and TNF-α −/− mice were transferred to CD8α−/− mice via tail vein injection, and 24 h later all mice were infected i.p. with DENV-2.
Granzyme B Production in Supernatants From Stimulated Splenocytes
C57BL/6 mice were infected i.p. with DENV-1, DENV-2, RSV or C6/36 cell supernatant (placebo) and after 60 days mice were challenged i.p. with DENV-2. On day seven post-secondary infection with DENV-2, spleens were removed following euthanasia and splenocytes were separated using a Ficoll gradient (GE Healthcare). Spleen mononuclear cells (1 × 10 6 cells) were incubated per well in 200 μl of RPMI (GIBCO) with 10% FBS in the presence of UV-irradiated DENV-2 (MOI equivalent of 0.5), or RPMI 10% FBS alone. After 72 h of incubation at 37°C supernatant fluids were removed and assayed for granzyme B release by using an immunoassay (eBioscience).
Statistical Analysis
Bar, XY graphs and statistical analyses (mean, standard error, and statistical tests) were generated with GraphPad Prism. The one-way ANOVA and Bonferroni's multiple comparison post-test correction was used to determine statistical significance among multiple groups. The Student's un-paired t-test was used to evaluate differences between two treatment groups. Statistical significance is depicted in figures: *p b 0.05, **p b 0.01, ***p b 0.001.
Results
A Mouse Model of Secondary DENV Infection
First, C57BL/6 mice were infected i.p. with 5 × 10 5 PFU of DENV-1 (a human strain isolated from Puerto Rico in 1994; DENV-1 PR/94). Control mice were infected with 5 × 10 5 PFU of DENV-2 (a human strain isolated in Tonga in 1974; DENV-2 Tonga/74) or inoculated with C6/36 cell supernatant as placebo. Sixty days after primary inoculation, all mice were challenged i.p. with 1 × 10 6 PFU of DENV-2 (strain Tonga/74) (Fig. 1a) .
Hematological and biochemical parameters as well as histopathology and vascular permeability in heterotypic DENV-infected mice were compared to control mice at 7 days post-secondary infection. This time-point was selected because secondary antibody responses and cytotoxic T lymphocyte (CTL) responses against DENV-2 were high seven days post-infection, and CTLs decreased thereafter (Suppl. Fig. S1 and Fig. 4d ). Mice infected with DENV-1 followed by DENV-2 developed greater increase of liver enzymes (Fig. 1b, c) , elevated CK and LDH levels in plasma (Fig.  1d , e), lower platelet counts ( Fig. 1f ) with a marked increase in megakaryocytes in the spleen (Fig. 1g, h ) and hematopoietic centers in the liver (Fig. 1g) , prolonged bleeding time (Fig. 1i ) and internal hemorrhages evidenced by hemosiderin-laden macrophages in the spleen (Suppl. Fig.  S2a ) compared to both control groups (except in AST and platelet count, where significant differences were observed only with homotypic infection). A trend towards increased vascular permeability in spleen, kidney and liver was observed in DENV-1/DENV-2 sequentially infected mice, compared to those that received homotypic infection (Fig. 1j) ; however, no rise in hematocrit was detected in DENV heterotypic infected mice compared to control groups (Suppl. Fig. S2b ).
After primary infection with DENV-1 i.p. (Fig. 2a-d ), viral RNA was detected in the mesenteric, periportal and celiac lymph nodes from 6 to 72 h p.i. Viral RNA levels in mesenteric and periportal lymph nodes were high during the first 48 h, subsequently decreasing over time (Fig. 2b) . Viral RNA was also detected in the spleen, liver and kidney for 96 h (Fig. 2c) . In these tissues and celiac lymph nodes, DENV RNA levels peaked around 48 h p.i., suggesting transient replication (see arrow). Viremia levels were low to undetectable up to 168 h p.i. with DENV-1 i.p. (Fig. 2d) . These results suggest that DENV-1 reached the lymph nodes by i.p. inoculation and spread quickly to solid organs, where it was able to sustain transient replication. When mice were infected with DENV-2 i.p. (Fig. 2e-h ), viral RNA was found in lymph nodes up to 96 h p.i. (Fig. 2f) . As with DENV-1 primary infection, transient replication was found in tissues and celiac lymph nodes with peak viral RNA levels around 24 to 96 h p.i. (Fig. 2f, g ; see arrow). Unlike DENV-1, DENV-2 plasma levels were higher and peaked between 48 and 96 h p.i., decreasing thereafter (Fig. 2h) .
When mice were challenged with DENV-2 60 days after primary infection, viral RNA was detected in mesenteric, periportal and celiac lymph nodes from 6 to 96-168 h post homotypic and heterotypic infections (Fig. 3b, e) . DENV-2 RNA initially peaked at 6-24 h in both groups. In heterotypic infections, viral RNA levels peaked again in mesenteric and periportal lymph nodes, suggesting transient replication ( Fig. 3b;  see arrow) . Conversely, RNA levels decreased steadily in homotypic infections (Fig. 3e) .
DENV-2 RNA was also found in spleen, liver and kidney up to 48-168 h after homotypic and heterotypic infections (Fig. 3c, f) , exhibiting lower RNA levels in liver and kidney compared to spleen. After initial increase in viral RNA due to input virus, viral RNA in spleen subsequently decreased and maintained low to moderate levels up to 168 h in both homotypic and heterotypic infections. Interestingly, moderate DENV-2 RNA levels in liver were maintained up to 96 h in heterotypically infected mice, while a steady decrease in viral RNA level was observed in homotypically challenged mice. Unlike primary infection, DENV-2 plasma levels were undetectable after secondary homotypic and heterotypic infections (data not shown).
These results indicate that DENV-1 strain PR/94 and DENV-2 strain Tonga/74 are able to sustain short-lived replication in C57BL/6 mice.
In order to characterize which cells were infected upon sequential DENV-1/DENV-2 infection, splenocytes were subjected to magnetic cell sorting using microbeads. DENV-2 RNA was found in CD11b + and
Ly-6G + cells but not in T cells 48-96 h post-secondary infection, sug-
gesting that macrophages and neutrophils are targets of DENV replication in C57BL/6 mice (Suppl. Fig. S3 ).
Other Heterologous DENV Challenge and Candidate DENV Strains for a Model of Severe Disease
The sequence of DENV serotype infections has been reported to influence disease severity (Fried et al., 2010) . In fact, certain DENV serotypes, but not others, associate with severe manifestations in secondary infections (Anantapreecha et al., 2005) . Therefore, we investigated if DENV-1 infection was altered by prior DENV-2 infection in C57BL/6 mice. Hematological and biochemical parameters in mice infected sequentially with DENV-2 followed by DENV-1 were not significantly different from those of homotypic DENV-1/DENV-1 and placebo/ DENV-1 infected mice (Suppl Fig. S4 ). Furthermore, no histological alterations were detected in the three groups of mice (data not shown). These results suggest that DENV-2 priming does not alter the disease phenotype produced by secondary DENV-1 infection in our model.
Beyond secondary heterologous DENV infection, viral strains may also affect DENV pathogenesis (Kouri et al., 1989; Rico-Hesse, 2003) . We therefore compared in our mouse model the effect of different DENV-2 strains. Interestingly, minimal to no signs of severe dengue disease were observed in wt mice sequentially infected with DENV-1 PR/ 94 followed by DENV-2 strains NGC, mouse-adapted and neurovirulent (Gruenberg et al., 1988) , 16681, initially isolated from an hemorrhagic fever patient and subsequently passaged in cell cultures (Kinney et al., 1997) , and D2S10, peripherally mouse-adapted by alternately passaged in mice and mosquito cells (Shresta et al., 2006 ) (data not shown).
Furthermore, in order to determine whether the disease phenotype observed in heterotypic DENV-1/DENV-2 infected mice was DENV-specific, we immunized mice with an unrelated virus before DENV-2 infection. We observed that mice sequentially infected with RSV followed by DENV-2 did not present significant differences in hematological and biochemical parameters compared to both homotypic DENV-2/DENV-2 and placebo/DENV-2 infected mice (Suppl. Fig. S5 ). Additionally, no histopathological alterations were found in these three groups of mice (data not shown), suggesting that the disease signs observed in DENV-1/DENV-2 infected mice are DENV-specific.
Overall, these results suggest that DENV-1 PR/94 followed by DENV-2 Tonga/74 may share cross-reactive determinants -absent in other combinations-that are important in eliciting signs of severe dengue disease in C57BL/6 mice, as certain sequential infection are more severe in humans.
Cross-reactivity and Neutralization of Antibodies Elicited After DENV Infection
We then sought to determine the specificity and biological activity of homotypic and heterotypic antibodies against DENV after primary infection in C57BL/6 mice. We examined the serotype-specific and cross-reactive antibody responses elicited by DENV-1 and DENV-2 by immunoassay using purified E proteins from DENV-1 and DENV-2. DENV-1 infection led to a long-lived IgG response against DENV-1 E, while the heterotypic response elicited by DENV-1 against DENV-2 E plateaued at 45 days (Fig. 4a, b) . Conversely, primary infection of mice with DENV-2 elicited a low response against DENV-1 E that decreased at day 60 and a slightly higher response against DENV-2 E, which contained neutralizing antibodies (PRNT 50 343 ± 27 against DENV-2) ( Fig. 4a-c) . Heterologous DENV-2 infection of DENV-1-immune mice was associated with an early secondary rise in anti-DENV-1 E IgG (à la original antigenic sin), which peaked on day 70 (day 10 post-challenge) and subsequently decreased (Fig. 4d) . The DENV-2 E IgG response in DENV-2/DENV-2 sequentially infected mice did not increase after challenge with DENV-2 on day 60 (Fig. 4e) .
Antibodies in the Pathogenesis of Severe Dengue Disease in Mice
To investigate whether antibodies were critical for the pathogenesis of severe dengue disease, C57BL/6 mice received DENV-1 and DENV-2 via footpad (f.p.) and were depleted of primed B cells by resection of ipsilateral popliteal lymph nodes 4 days post-primary infection (Fig. 4f) . This strategy abrogates the homotypic and heterotypic B cell responses (Suppl. Fig. S6 ), while maintaining a primed T cell response that is generated before lymph node resection (Delgado et al., 2009; Finke and Acha-Orbea, 2001 ) (Suppl. Fig. S1 ). Two additional groups of mice that initially received DENV-1 f.p. and mock surgery, or C6/36 cell supernatant via f.p. also served as controls. Sixty days after primary infection, all groups were challenged with DENV-2 i.p. Hematological and biochemical parameters were analyzed at 0, 4 and 7 days post-challenge with DENV-2 and compared between groups (Fig. 4g-l) . Outcomes in DENV-1-primed B cell-depleted mice were not significantly different from those of DENV-1/DENV-2-infected, non-depleted mice. Similar to non-depleted mice with sequential DENV-1/DENV-2 infections, these depleted animals had significantly higher plasma levels of ALT, ALP and LDH (Fig. 4g, i, k) and a trend towards increased levels of CK (Fig. 4j ) and lower platelets (Fig. 4l) than control mice inoculated with placebo followed by DENV-2 infection or DENV-2-primed B cell-depleted mice infected with DENV-2. No differences were found in AST levels between the four groups of mice (Fig. 4h) .
These results suggest that signs of severe disease in mice can occur in the absence of primed B cells.
Heterotypic Anti-DENV-1 CD8 + T Lymphocytes are Critical for Signs of Severe Dengue Disease in Mice
A role for heterotypic T cells in the pathogenesis of dengue has been suggested by several investigators (Friberg et al., 2011b; Mongkolsapaya et al., 2006; Yacoub et al., 2013) , and CD4 + and CD8 + T lymphocytes that are cross-reactive among DENV serotypes have been described in both humans and mice (Beaumier and Rothman, 2009; Friberg et al., 2011a; Rivino et al., 2013; . Therefore, we next explored the role of CD8 + and CD4 + T cells in severe dengue disease. We compared outcomes in DENV-1-immune C57BL/6 mice depleted of CD8 + and/or CD4 + T lymphocytes vs. DENV-1-immune C57BL/6 mice inoculated with a control irrelevant mAb. After depletion, all mice were challenged i.p. with DENV-2 (Fig. 5a ). Interestingly, seven days post-challenge, non-depleted mice had significantly higher levels of ALT, ALP, CK and LDH in plasma than mice depleted of CD8 + and/or CD4 + T lymphocytes (Fig. 5b, d-f ). Differences in all tested biochemical parameters appeared to be greater between control mice and the CD8 + T cell-depleted group than between control and CD4 + T cell-depleted mice. Furthermore, control, but not CD8 + and/or CD4 + T cell-depleted mice, exhibited significantly lower platelet counts at seven days postchallenge with DENV-2 (Fig. 5g ). These findings suggest that CD8 + T lymphocytes play a critical role in dengue pathogenesis in mice with a secondary role for CD4 + T cells.
Heterotypic Anti-DENV-1 CD8 + T Lymphocytes are Sufficient for Manifestations of Severe Dengue Disease
We then explored whether T cells are sufficient to elicit signs of severe dengue disease by adoptively transferring different subsets of primed T lymphocytes to naïve mice. DENV-1-immune or DENV-2-immune CD4 + or CD8 + T lymphocytes were transferred to naive C57BL/ 6 mice, and mice were then infected with DENV-2 (Fig. 6a) . Mice receiving DENV-1-immune CD4 + or CD8 + T lymphocytes exhibited higher plasma levels of ALT, AST, ALP, CK and LDH at seven days post-secondary infection compared to control naïve mice and recipients of adoptively transferred DENV-2-immune CD4 + or CD8 + T lymphocytes ( Fig. 6b-f ). Furthermore, a significant decrease in platelets was observed in mice receiving DENV-1-immune CD4 + or CD8 + T compared to control mice (Fig. 6g) . These experiments suggest that both CD8 + and CD4 + T lymphocytes are sufficient to elicit certain signs of severe dengue disease. Moreover, a trend towards a greater effect on measured outcomes appeared to be associated with heterotypic CD8 + T lymphocytes than with CD4 + T lymphocytes.
We further characterized the CD4 + T lymphocyte population by exploring interferon (IFN)-γ and interleukin (IL)-4 production, cell surface expression of activation markers (CD71, CD40L and inducible T cell costimulator (ICOS)) and lymphoproliferation. Mice infected with DENV-1 followed by DENV-2 exhibited a type 1 bias of the CD4 + T helper (Th) response due to absence of detection of IL-4 in plasma (Suppl. Fig. S7a, b) , augmented expression of the activation markers CD71, CD40L and ICOS and increased T lymphocyte proliferation compared to control mice (Suppl. Fig. S7c, d ). 
The Production of TNF-α by Heterotypic Anti-DENV-1 CD8 + T Lymphocytes is Critical for Signs of Severe Dengue Disease
Several studies suggest a role for TNF-α in dengue pathogenesis, activating vascular endothelial cells and leading to vascular leakage (Carvalho et al., 2014; Kurane, 2007; Sierra et al., 2010) . It is, however, unclear which cells are the source of TNF-α associated with disease progression. Activated monocytes/macrophages, dendritic cells and T cells are known to produce TNF-α in DENV infections (Chu et al., 2015; Chunhakan et al., 2015; Watanabe et al., 2015) . Therefore, we investigated whether TNF-α production by heterotypic CD8 + T lymphocytes was critical for severe dengue disease. For this purpose, we conducted an adoptive transfer experiment using DENV-1-immune CD8 + T lymphocytes from TNF-α −/− mice and naïve CD8α −/− recipients. These mice were subsequently challenged with DENV-2. Control CD8α−/− mice received DENV-1-immune CD8 + T lymphocytes from C57BL/6 mice and were also challenged with DENV-2 (Fig. 6h) . At seven days post-challenge, control CD8α−/− mice exhibited increase of liver enzymes and high levels of LDH in plasma compared to CD8α −/− mice that received DENV-1-immune CD8 + T lymphocytes from TNF-α−/− mice (Fig. 6i , j, l), suggesting that production of TNF-α by heterotypic CD8 + T lymphocytes is critical for these signs of severe dengue disease. No significant differences in CK plasma levels or platelet counts were detected between the two groups of mice (Fig. 6k, m) .
Increased CTL Activity in Sequentially DENV-1/DENV-2 Infected Mice
The major mechanism of CTL-mediated destruction of target cells involves the delivery of cytolytic effector molecules, including perforin and granzymes. These proteins are stored in the cytoplasmic granules of CTLs and are released during CTL-mediated target cell lysis. Granzyme B is the main CTL granule component that is implicated in apoptosis of target cells (Lord et al., 2003) . In order to gain some mechanistic insight into why heterotypic anti-DENV-1 CD8 + T lymphocytes were responsible for signs of severe dengue in DENV-2 infected mice, we measured CTL activity in mice splenocytes by detecting the release of granzyme B. Splenocytes were isolated from mice infected with DENV-1 followed by DENV-2 at 7 days post-secondary infection and were then exposed to DENV-2 antigen during 72 h. Control groups included mice sequentially infected with DENV-2/DENV-2, RSV/DENV-2 and placebo/DENV-2. Interestingly, splenocytes from mice infected sequentially with DENV-1/DENV-2 exhibited a significantly increased release of granzyme B upon stimulation with DENV-2 antigen compared to control groups (Fig. 7) .
Discussion
The mechanism of illness in severe dengue disease has been elusive and numerous hypotheses have been proposed in the DENV literature for decades. The challenge of establishing immunocompetent animal models reproducing disease signs has been a major hurdle to better understand DENV pathogenesis. In this study, we describe an immunocompetent mouse model of secondary DENV infection, in which DENV-1/DENV-2 sequentially infected mice develop increase of liver enzymes, bleeding and low platelet counts, key signs of severe dengue disease in patients (Kalayanarooj et al., 1997; Phuong et al., 2004; Sam et al., 2013) .
Given that the vast majority of DHF/DSS cases result from secondary infections, theories on DENV pathogenesis are based on the presence of heterotypic antibody (Halstead, 2003) or T lymphocyte cross-reactivity (Rothman, 2010) . In the first group, the most widely accepted theory attributes disease severity to ADE of heterologous viral replication in cells of the reticuloendothelial system. The potential pathogenic link between ADE and DHF/DSS remains an unsolved issue in DENV pathogenesis. In humans, some studies found an association between DENV titers and severity of illness (Vaughn et al., 2000) , while others did not (Laoprasopwattana et al., 2005) . Interestingly, DHF/DSS ensues after acute symptomatology subsides, suggesting an aberrant anamnestic immune response rather than direct effects from viral replication (Rothman, 2009) . In vivo ADE has been shown in immunocompromised mouse models using mice deficient in both IFN-α/β receptor (Ifnar) and IFN-γ receptor (Ifngr) (Balsitis et al., 2010; Milligan et al., 2015; Zellweger et al., 2010) and in Ifnar −/− mice (Orozco et al., 2012; Zellweger et al., 2010 ). In our model, high levels of viral replication were not detected in tissues and plasma during disease, signs of severe dengue disease followed viral clearance, and B cell depletion did not alter disease phenotypes, suggesting that there are mechanisms different from enhanced viremia that contribute to disease.
Signs of exacerbated disease in our mice model were milder than those observed in humans during severe disease, due to the use of immunocompetent C57BL/6 mice that are semipermissive to DENV infection ). DENV's ability to subvert human but not murine IFN-α/β (Ifna) signaling may be the major reason behind DENV's efficient replication in human but not in mouse cells (Ashour et al., 2010; Morrison and Garcia-Sastre, 2014) . However, we found that DENV permissive cells in our model were CD11b + cells but not T cells, similarly to what is observed in human target cells (Kou et al., 2008; Noisakran et al., 2010) . Interestingly, DENV-2 RNA was also found in Ly-6G + cells after sequential DENV-1/ DENV-2 infection indicating that neutrophils are additional targets for DENV infection in C57BL/6 mice. Other murine models of severe dengue disease use immunocompromised mice deficient in Ifnar and Ifngr (Balsitis et al., 2010; Milligan et al., 2015; Zellweger et al., 2010) or only Ifnar Orozco et al., 2012; Prestwood et al., 2012; Schmid and Harris, 2014) , key components of the immune system present in humans during illness (De La Cruz Hernandez et al., 2014; Libraty et al., 2002; Nguyen et al., 2004) , and a single DENV infection in the absence or presence of ADE. These models support robust DENV replication, and exhibit many signs of severe dengue disease.
Different DENV serotypes, and even strains of the same serotype, differ in their ability to cause severe disease (Fried et al., 2010; Nisalak et al., 2003; Rico-Hesse, 2003) . In particular, DENV-2 has been associated with severe disease manifestations in reports from Thailand and Taiwan (Chen et al., 2007; Fried et al., 2010; Vaughn et al., 2000) . Additionally, DENV-2 and DENV-4 in Thailand were more likely to produce DHF cases in secondary infections, while DENV-1 and DENV-3 appeared to elicit DHF in both primary and secondary infections (Anantapreecha et al., 2005) . Furthermore, in Cuba and Thailand DENV-2 infections in DENV-1 exposed individuals associated with DHF manifestations (Guzman et al., 1991; Sangkawibha et al., 1984) . In line with these reports, we observed that DENV-1/DENV-2 sequential infection in C57BL/6 mice led to exacerbated disease compared to homotypic DENV-2/DENV-2 and primary DENV-2 infections. Conversely, the reverse heterologous challenge DENV-2/DENV-1 did not alter disease phenotypes in comparison to controls.
In our mouse model of secondary DENV infection, we used nonmouse adapted DENV strains. DENV-1 PR/94 was isolated in 1994 in Puerto Rico and was reported to replicate efficiently in rhesus monkeys similarly to other DENV-1 strains (Blaney et al., 2007; Whitehead et al., 2003) . DENV-2 Tonga/74 was isolated from a 1974 epidemic in the Pacific island of Tonga and was characterized by producing mild illness (Gubler et al., 1978) . Interestingly, despite a lower level of virulence in comparison to other DENV-2 strains (Blaney et al., 2004) , DENV-2 Tonga/74 infection in DENV-1 PR/94 immune C57BL/6 mice elicited signs of severe disease. These signs were absent with other combinations of more virulent mouse-adapted and non mouse-adapted DENV-2 strains. Our results suggest that factors different from viral virulence, such us sharing cross-reactive T cell determinants, are important in eliciting signs of severe disease.
Hypotheses postulating a role for heterotypic T lymphocyte crossreactivity in the DENV pathogenesis are based on the "original antigenic sin" phenomenon (Midgley et al., 2011; Mongkolsapaya et al., 2003; Rothman, 2011) . In the context of DHF/DSS, the expression "original antigenic sin" postulates that cross-reactive T cells raised against the first infecting DENV serotype predominate during a secondary DENV infection and show suboptimal degranulation capacity and high cytokine production which may contribute to the development of DHF/DSS signs (Duangchinda et al., 2010; Mongkolsapaya et al., 2006; Rothman, 2009) .
Interestingly, a protective role for T cells in dengue disease, including heterotypic T cells, has also been reported in several studies, mainly in immunocompromised mouse models (Elong Ngono et al., 2016; Prestwood et al., 2012; Yauch et al., 2010; Yauch et al., 2009; Zellweger et al., 2015; . CD8 + T cell depletion prior to infection has been shown to increase viral load in various organs upon infection with DENV-2 in Ifnar −/− mice (Yauch et al., 2009) . Similarly, depletion of CD4 + and CD8 + T lymphocytes reduced survival of DENV-2-primed BALB/c mice challenged with a lethal DENV-2 strain (Amorim et al., 2016) . In line with these studies, a recent report described that cross-reactive T cells were able to enhance viral clearance in tissues from Ifnar −/− HLA*B0702 transgenic mice despite having lower magnitude and avidity than serotype-specific T cells (Elong Ngono et al., 2016) . Furthermore, recent studies analyzing DENV-specific T cell responses in humans in a hyperendemic setting suggested an HLA-linked protective role for both CD4 + T and CD8 + T cells against DENV infection (Weiskopf et al., 2013; Weiskopf et al., 2015) .
Therefore, the comprehension of the specific role of T cells in either protection against or pathogenesis of dengue disease is important for the safe development of preventive and therapeutic strategies (Ghosh and Dar, 2015) . In our study, CD8 + and CD4 + T cell-depleted C57BL/6 mice did not develop signs of severe dengue disease, suggesting that heterotypic cross-reactive CD8 + and/or CD4 + T lymphocytes played a critical role in pathogenesis. Adoptive transfer experiments further suggested that CD8 + T lymphocytes are sufficient to elicit certain signs of severe dengue disease in mice and, to a lesser extent, CD4 + T lymphocytes also contribute to disease. Patients with DHF/DSS present increased levels of IFN-γ and TNF-α, compared to those with non-DHF/ DSS (Pang et al., 2007) . Our mice sequentially infected with DENV-1/ DENV-2 also showed a Th1 bias. TNF-α is one of the major mediators of inflammation, induced by a wide range of pathogenic stimuli (Carvalho et al., 2014) . Our results suggest that production of TNF-α by low affinity heterotypic anti-DENV CTL is a critical component of DENV pathogenesis, mainly affecting the liver manifestations of disease. Despite the protective role for T cells in immunocompromised mouse models, various reports using immunocompetent mice showed that intrahepatic infiltration of activated immune cells positively correlated with DENV-induced liver damage, characterized by elevated liver enzymes (Chen et al., 2004; Franca et al., 2010; Paes et al., 2005) . Sung et al. demonstrated that both splenic and intrahepatic CD8 + T cells in DENV-2 infected C57BL/6 mice recognized DENV epitopes, and that intrahepatic infiltrating CD8 + T cells were cytotoxic and caused liver cell death (Sung et al., 2012) . In our mouse model, we observed that DENV-1/DENV-2 sequentially infected mice showed infiltration of immune cells in liver and that splenocytes from these mice exhibited increased cytotoxicity, characterized by augmented release of granzyme B, compared to control groups. We hypothesize that transient DENV infection of lymphoid tissues and extended maintenance of moderate viral RNA levels in solid organs may trigger the recruitment of immune cells to solid organs, mainly the liver. In this regard, the elevated cytotoxicity displayed by heterotypic anti-DENV-1 CD8 + T lymphocytes against DENV-2 infected hepatocytes may be responsible for the distinct disease phenotype detected in heterotypic DENV-1/DENV-2 infected mice, characterized by increased liver enzymes, LDH and CK. In fact, anti-DENV-1 CD8 + T cell increased cytotoxicity against DENV-2 antigen may be associated with cross-reactive determinants and warrants further investigation. In our mouse model, DENV-1/DENV-2 sequentially infected C57BL/6 mice developed exacerbated disease characterized by increased plasma levels of liver enzymes, CK and LDH, decreased platelet counts and bleeding, accompanied by immune cell infiltration in liver and increased megakaryocytes in spleen. Plasma leakage, which is characterized by rising hematocrit, hypoalbuminemia, ascites or pleural effusion, has been originally reported as the pathophysiological hallmark that determines disease severity and that differentiates DHF and DSS from dengue fever (Nimmannitya, 1987) . Even though a trend towards augmented vascular permeability was observed in spleen, kidney and liver in sequentially DENV-1/DENV-2 infected C57BL/6 mice compared to homotypic DENV-2/DENV-2 infected mice, no increase in hematocrit was detected. This aspect of severe dengue disease that is partially reproduced in our immunocompetent mouse model may reflect the semipermissive nature of mice to DENV, probably aligned with the inability of DENV to subvert the IFN pathway (Ashour et al., 2010; Morrison and Garcia-Sastre, 2014; . Sequentially DENV-1/DENV-2 infected mice were more permissive for liver damage than for vascular leakage, important pathogenic outcome for severe dengue disease in humans, revealing a caveat of our mouse model compared to human disease. Thrombocytopenia and bleeding have also been observed in severe dengue patients and the mechanisms involved have been hypothesized to be related to DENV direct or indirect affection of bone marrow progenitor cells by inhibiting their function (de Azeredo et al., 2015) . These signs of severe disease were observed in sequentially DENV-1/DENV-2 infected mice and appeared to be mediated by heterotypic anti-DENV-1 CD8 + T cells, by either cytotoxicity or TNF-α production.
In summary, we present an immunocompetent mouse model of DENV secondary infection that exhibits certain signs of severe dengue disease upon heterotypic infection with DENV-1 PR/94 followed by DENV-2 Tonga/74. Disease signs in this model were not dependent on viral burden or anti-DENV B lymphocytes. Conversely, cross-reactive CD8 + T lymphocytes and CD4 + T lymphocytes critically contributed to disease. Our findings highlight the importance of CD4 + and CD8 + T lymphocyte responses in dengue pathogenesis and the need to further study these responses in human subjects.
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